Abstract: As combined sewer systems and centralized wastewater treatment facilities age, many communities in the world are challenged by management of combined sewer overflow (CSO). Constructed wetlands are considered to be one of the green infrastructure solutions to CSOs in the US. Despite the wide application of constructed wetlands to different types of wastewaters, the stochastic and intermittent nature of CSO presents challenges for design and performance assessment of constructed wetlands. This paper reviews the application status of CSO constructed wetlands in the US, assesses the benefits of CSO constructed wetlands, identifies challenges to designing CSO constructed wetlands, and proposes design considerations. This review finds that constructed wetlands are effective in CSO treatment and relatively less expensive to build than comparable grey infrastructure. Constructed wetlands not only remove pollutants, but also mitigate the event-associated flow regime. The design challenges include incorporating considerations of green infrastructure into permit requirements, determining design capacity for highly variable flows, requiring pretreatment,
groups: operation and maintenance practices; collection system controls including conventional approaches and green infrastructure; storage facilities; and treatment technologies. Constructed wetlands (CWs) are green infrastructure for both flow mitigation and treatment of CSOs [1, 6, 7] .
CSO treatment in CWs has been permitted by State permitting authorities with provisions in attachments to the discharge permits of several centralized wastewater treatment plants [8, 9] . Integration of CWs into CSO control plans is a sustainable practice in that it reduces energy consumption, carbon footprint, and economic cost compared with traditional wastewater treatment methods [6, 7] . Additionally, CWs may provide various other ecosystem services [1, 7, 10] . Successful operation of CWs has been reported from the tropics to the Arctic for treatment of a variety of wastewaters including sanitary wastewater and stormwater. The contaminants being effectively removed in CWs range from conventional pollutants such as total suspended solids (TSS), biochemical oxygen demand (BOD), ammonia, total Kjeldahl nitrogen (TKN), nitrate, total phosphorus (TP), and pathogens; to such priority pollutants as heavy metals and chlorinated organic compounds [7] .
In terms of average water quality, CSO falls between sanitary wastewater and stormwater runoff (Table 1) . However, the stochastic and intermittent nature of both CSO flow and pollutant loading demand further exploration into design considerations for CSO CWs. Treatment of CSO discharges using either conventional methods or CWs must be designed to be simple, rugged, and reliable despite highly variable influent flow rates and pollutant concentrations [2] . This highlights special challenges in CW applications because they are natural treatment systems, which are subjected to the varying environmental conditions and often provide additional ecosystem services. [2] Monitoring at Harbor Brook, Syracuse, NY [ Although CWs have been widely used for CSO treatment in European countries such as Germany, France, and Italy [12] , there is little performance data available to support design in the US. Monitoring campaigns in Europe have been implemented as research programs, but results have not been published internationally. Pre-and post-construction monitoring is generally not required yet, although data collection in advance to the layout process might become mandatory in France soon. There are only a few pilot-and full-scale CWs for CSO treatment in the US. This paper reviews CSO CW applications in the US, evaluates primary benefits of CSO CWs, identifies design challenges associated with the stochastic and intermittent nature of CSOs, and proposes design considerations and performance assessment methods for CSO CWs. The Harbor Brook CSO CW Treatment Facility in Syracuse, NY is taken as an example to demonstrate how an adaptive design approach was used to deal with the challenges associated with event-feeding of CSO CWs and to create a demonstration of possible CW technologies to inform future implementation.
Status of Constructed Wetlands for CSO Treatment in the US
Design parameters of CWs are determined mostly based on performance data of existing treatment wetlands. However, there are only a few CWs designed and operated to treat CSO in the US (Table 2) . Recently, wetland treatment systems have been included in long-term CSO control plans such as in Evansville, Indiana and Syracuse, New York [13, 14] . A comprehensive review of these existing systems will facilitate designs for future applications. Disinfection may be required pending results of wetland system monitoring; FWS = free water surface wetland; CSO = combined sewer overflow; CW = constructed wetland.
Harbor Brook CSO Constructed Wetlands in City of Syracuse, New York
The Harbor Brook CSO Constructed Wetland Treatment Facility was built in Syracuse, New York as an integral part of Onondaga County's "Save the Rain" green infrastructure program. It consists of a swirl/vortex separation unit for grit and floatable removal and three CWs for further treatment. CSO flows between 611.6 and 4485 m 3 /h at discharge point 018 are diverted to the separators. The pre-treated CSO overflows to three CWs, i.e., detention basin with an open cover of floating wetland islands (Cell 1), vertical flow wetland (Cell 2), and FWS wetland (Cell 3) (Figure 1 ). The three CWs can be operated in three different flow sequences, i.e., series, parallel, and series/parallel. 
The floating island wetland has a total surface area of 1135 m 2 . It has three arrays of floating wetland islands planted with diverse native species and anchored laterally to the side berms [21] . It is designed to have a normal water depth of 0.3 m and a maximum event depth of 1.2 m. The bottom of this wetland is lined with a high-density polyethylene liner. The sides are lined with clay liner with 0.15 m of topsoil above the liner.
The FWS wetland has a total surface area of 1023 m 2 . It has two vegetated shelves and three 0.9 m deep water zones. The shelves were planted with broadleaf cattails and rushes. This wetland is not lined so that its deep water zones could be recharged by groundwater. The normal water depth above the shelves is 0.15 m and maximum event depth is 0.46 m. Stop logs in the outlet structure allow 0.15 m of standing water within this wetland.
The vertical flow wetland has an area of 981 m 2 , which is packed with a layer of sand overlying a layer of gravel to a total media depth of 0.8 m (Figure 2 ). When in parallel operation with the other two wetlands, CSO is loaded continuously to the sand-gravel bed. Water percolates down through the bed and is discharged through an underdrain. When in series and series/parallel operations, it is operated by Wetland outfall
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Free water surface wetland batch, with Cell 1 dosing 208 m 3 to Cell 2 using an automated control valve via 18 risers for approximately 2 h and then resting for 4 h in each cycle. When in series/parallel operation, the "top half" of the Cell 1 storage is sent to Cell 3, allowing Cell 3 to drain into Harbor Brook prior to dosing Cell 2. This dosing and resting cycle occurs nine times following a 1-yr 2-h storm event. Normally there will be no standing water on the surface, although the maximum ponding depth can be 0.15 m. The vertical flow wetland was planted with native wetland plant species that tolerate both flooding and drought. Modified from CH2MHILL and CHA [22] . Wetland effluent will be discharged through a single outfall (018) to Harbor Brook. The Harbor Brook CSO 018 Constructed Wetland Treatment Facility is considered to be a CSO treatment facility in the State discharge permit NY 002 7081 to Metropolitan Syracuse Wastewater Treatment Plant. The permit only requires monitoring of the wetland treatment system's influent and effluent. As a pilot project, the inflow and outflow of each wetland will be monitored intensively during CSO events and weekly between CSO events over two years starting in October 2014. Automated samplers and flow meters will be installed to record flow regime and collect water samples in addition to grab samples and in-situ measurements.
Minoa Constructed Wetlands in Village of Minoa, New York
The Village of Minoa in Onondaga County, New York had a combined sewer system serving more than 3300 residents. Its wastewater treatment facility has three subsurface flow CWs. Start-up occurred in June 1995 using secondary effluent from this facility's trickling filters. In January 1996, the wetland started to treat primary effluent. The wetlands were originally built to handle wet weather flows [15, 23] [15, 16] . The top 0.1 m of the medium bed was 0.6 cm pea gravel and served as the rooting medium for emergent plants. The 0.6 m of treatment zone in the bed was packed with 1.9 cm washed and screened coarse gravel. High-density polyethylene liners were used to divide each wetland into two cells planted with Phragmites and Scirpus species, respectively. Later on, the Scirpus species was removed and no significant difference in treatment performance was found between the planted and unplanted cells in parallel operation. The three CWs were operated in series in 1996 and 1997. The wastewater contained about 50 mg/L of sulfate, and the wetland water became anaerobic after a few hours of loading in 1996 [15] . The wetland effluent BOD concentration during the spring and summer of 1996 was 84 mg/L, which was above the design objective of 30 mg/L [15] . The operation was then switched in April 1997 from continuously fed horizontal flow subsurface wetlands at water depths of 0.5-0.9 m to vertical flow wetlands utilizing in a fill-draw mode of operation. Starting from April 1998, wetlands 1 and 2 were in series with wetland 3 [16] . It took 4-5 h to drain wetlands 1 and 2 and 24 h to refill [15] . Consequently, the media beds were exposed to aerobic conditions for up to 20 h per cycle of operation.
The wetland effluent is discharged to Limestone Creek through one outfall after disinfection and dechlorination along with the effluent of its trickling filters and sequencing batch reactors. The Village of Minoa phased out the combined sewer system in [2005] [2006] [2007] . Therefore, the operating data after 2005 no longer reflect the performance of CSO wetlands.
Arch/Bar CSO Constructed Wetlands in Town of Elkhart, Indiana
The CSO wetland treatment system located at Arch and Bar streets in Elkhart, Indiana was constructed as a demonstration of an alternative to CSO separation. It has been operated to treat first flush discharged at CSO 5. It is unclear about the design duration of first flush, but appears to be the first 40 min of CSO [17] . It is permitted by the Indiana Department of Environmental Management (IDEM) as Outfall #5 of NPDES Permit IN0025674 to Elkhart Wastewater Treatment Plant [8] . The Arch/Bar wetland system has a free water surface (FWS) wetland with an active littoral habitat and micropool graded below the groundwater table, followed by a vertical flow wetland ( Figure 3 ). Nearly 30 different species of native aquatic and transitional vegetation were strategically planted for ecological competitive advantage [17] . 
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Wetland effluent is discharged to Elkhart River without disinfection. Only monthly visual flow monitoring is required by its permit [8] . The compliance monitoring from September 2007 to May 2014 showed no CSO discharge except for two events in September 2008 at a total flow of 11.7 m 3 in 2.74 h [8] . September 2008 had a total precipitation of 254.3 mm.
Akron CSO Constructed Wetlands in Town of Akron, Indiana
The Town of Akron in Fulton County, Indiana has a combined sewer system with three CSO discharge points. A CW treatment system was designed to treat certain wet weather flows from two CSO points [24] . The system was completed and began operation in 2001. This CSO wetland treatment system is permitted as two outfalls (#501 and #502) of the Akron Municipal Wastewater Treatment Plant by NPDES Permit IN0025232 [8] . The CSO discharges from two CSO points undergo grit and floatable removal in swirl separators, which then flow through two serpentine earthen FWS wetlands [5] . There are rock filtration structures at the inlet and outlet of the wetlands to help remove debris [18] .
The CWs discharge to a field tile, which enters Town Lake [24] . An agreed order in 2003 [24] stated that the influent channels to both the CWs shall be monitored for CSO diversion occurrence and monitor wetland effluent for pH, ammonia, TSS, 5-day carbonaceous BOD (CBOD5), dissolved oxygen, Escherichia coli, phosphorus, and flow. However, monthly monitoring started in November 2007 for CW #1 and #2 and only influent flow rate data have been reported for permit compliance [8] .
Washington CSO Constructed Wetlands in City of Washington, Indiana
The Washington wetland treatment system is the largest CSO CW treatment system in the US. It is located in the City of Washington, Daviess County, Indiana. The City of Washington has a combined sewer system with five active CSO outfalls. The City of Washington commissioned this wetland treatment system to battle an extremely sensitive combined sewer system, which discharged CSO during rainfall events as little as 2.5 mm of rainfall [20] . The wetland treatment system consists of a nutrient baffle box, a 15,120 m 3 forebay pond, a serpentine FWS wetland, a gravel filter, and a UV disinfection system at the outfall ( Figure 4 ). The FWS wetland was lined with ethylene propylene diene monomer liner and planted with more than 30 emergent and submerged species. The CSO is filtered into an 18,900 m 3 storage tank. The first flush is sent to the municipal wastewater treatment plant, while any overflow up to that initiated by the 10-yr 1-h storm is diverted to the CWs [19, 20] . Wetland discharge at Outfall 010 is permitted with provisions in Attachment A of NPDES Permit IN0025658 to the Washington Waste Water Treatment Plant [8] .
The Washington CWs discharge to the nearby Hawkins Creek. The NPDES Permit has mass-based effluent limitations for CBOD5, TSS, and ammonia. Daily wetland monitoring was started in January 2013 [8] . Monthly average and daily maximum values of composite and grab samples are reported for wetland effluent. There are no data reported on the wetland influent. Because of the equalization effects of the large storage tank and forebay pond, the Washington CSO CWs exhibited little variation in daily effluent flow rate ( Figure 5 ). 
Benefits Demonstrated by Existing CSO Constructed Wetlands
Full-scale CWs are cost-effective green infrastructure solutions to mitigating CSO flow and improving water quality. Although there are fewer CSO CW treatment systems in the US at this time, the benefits of CWs are clear.
The CWs decrease capital cost of CSO treatment compared with conventional grey infrastructure technologies. CWs are designed as ecologically engineered treatment systems, minimizing the use of mechanical elements and automated controls while maximizing the use of low-cost, locally available materials such as excavated topsoil, sand, gravel, plants, and clay liner. The entire Akron CSO CW treatment system cost $0.7 million, an economical alternative to $5.1 million to separate the sewer system and enlarge the municipal wastewater treatment plant [18] . The Washington CW project was able to reduce CSO treatment costs from an estimated $40 million to $26.4 million [20] . The unit capital cost of the Washington wetland treatment system was estimated to be $2. , which is similar to that of the Washington wetland treatment system. The total cost of Minoa CWs was $568,000 in 1995 at a design flow rate of 491 m 3 /d [16] . Even considering the different years of construction, the unit cost is much lower at Minoa in comparison to Washington and Harbor Brook, which may be attributed to the presence of pretreatment at Minoa. A comprehensive review by Kadlec and Wallace [7] showed an average areal capital cost of the CWs in the US at approximately $1.0 million/ha in 2006 value. Nevertheless, the cost of CWs was not reported separately from the pretreatment facility for the existing CSO wetland treatment systems in the US. In addition to the lower capital cost, operation and maintenance costs for a treatment wetland are typically much lower than that for competing technologies [7] .
The CWs are designed to maximize utilization of natural processes and ecosystem functions. When used for wastewater treatment, comparatively slow natural processes supported by natural sources of renewable energy and self-organization of ecosystems are typically offset by larger areas or longer retention of wastewater. Consequently, CWs can better accommodate the highly variable flow rate of CSOs compared with conventional wastewater treatment facilities. The larger CSO storage capacity of CWs contributes to both water quality improvement and flow mitigation. The CSO flow mitigation in CWs can be attributed to retention of peak flow during CSO overflow periods followed by volume reduction over long periods of evapotranspiration, evaporation, and possibly seepage to groundwater. The CSO CWs in the US have demonstrated an excellent capacity to handle peak flow and abate CSO volume. There were about 20-25 CSO events annually in Akron [18] . However, there was only one discharge from the Akron CSO CWs on 11 July 2003 between its start in fall 2001 and October 2003 [24] . Based on the maximum weekly flow measurements of Akron CSO wetland influent and its design CSO volume, it is estimated that the two wetlands only discharged in approximately 37 weeks between October 2007 and April 2014 ( Figure 6 ). The floating island and FWS wetlands at Harbor Brook can store CSO inflow up to 1362 and 471 m 3 , respectively. Modeling of the Harbor Brook CWs showed that the wetlands would be unable to store the CSO overflow in only six out of 42 events in an average year ( Figure 7) .
The CSO CWs in the US are mostly not assigned numeric limits (Table 3) . There are few monitoring results reported for the existing CSO CWs. When comparing wetland effluent concentrations with permit limits for the main outfall of their associated central wastewater treatment plants (Table 4 ), it appears that the CSO CWs could safely meet the most stringent CBOD5 limit (monthly average 20 mg/L), the monthly TSS limits, and possibly the ammonia limits with only a few violations. The BOD removal efficiency of the Minoa subsurface flow wetlands during the fill-draw mode of operation in 1997 was 95% on average, and effluent BOD was less than 15 mg/L [15, 16] . The influent and effluent of the Arch/Bar CSO CWs were monitored in 1999 and 2000 using automated flowmeters and automatic samplers. The average removal efficiency was 91% chemical oxygen demand, 92% TSS, 98% ammonia, 96% TP, and 5-6 log of E. coli [17] , suggesting low effluent concentrations considering the CSO concentration ranges (Table 1 ). The Washington CWs have had effluent CBOD5 and TSS concentrations ( Figure 5 ) lower than the limits for the main outfall of Washington municipal wastewater treatment plant. However, ammonia concentration in the wetland effluent ( Figure 5 ) exceeded the limit for the main outfall in three out of 13 months. The effluent E. coli concentrations of the Washington wetland treatment system ( Figure 5 ) have been much lower than its limits due to its ultraviolet disinfection system. The Washington CWs did not show a seasonal change in effluent quality ( Figure 5 ) despite its snowy winter from December to March. With exception of fecal coliforms and E. coli, values are adopted from WWTP permit limits. Monitoring is required, but no numeric limits on the constructed wetland treatment system are set; WWTP = wastewater treatment plant; MO = monthly average; WK = weekly average; DA = daily maximum. Source: USEPA [8, 9] .
Unlike conventional wastewater treatment facilities, CWs provide a variety of secondary ecosystem services in addition to their primary purpose for water quality improvement. These secondary ecosystem services make this technology an attractive solution to CSO pollution. The secondary services have been frequently cited to support inclusion of CWs in long-term CSO control plans [13, 14] . Nevertheless, the value of secondary ecosystem services such as aesthetic quality and wildlife habitat in urban communities has not been quantified yet [5, 25] .
Design Challenges and Considerations for CSO Treatment in Constructed Wetlands
Like stormwater wetlands, CSO CWs have to be designed to consider stochastic and intermittent event flows. Compared with stormwater, CSOs have higher concentrations of BOD, nitrogen, phosphorus, and fecal coliforms, as well as similarly high TSS concentrations ( Table 1 ). The highly variable flow rate along with the higher loadings makes wastewater treatment plants with conventional treatment methods unfavorable for CSO treatment. CWs are ecologically engineered treatment systems with a great capacity to mitigate the variable flow and improve CSO water quality as discussed in Section 2.6. Compared with dry weather sewage flow and other less variable industrial wastewaters, nevertheless, CSO poses challenges to designing CWs to be event-fed and assessing their performance on an event basis. The following discussion is focused on the challenges to designing event-driven CSO CWs, without intention of a complete review. The CSO CWs in the US are taken as examples.
NPDES Permitting
The USEPA encourages NPDES permitting authorities to promote the shift to green infrastructure [1] . The IDEM has coordinated review of permit applications for a few CW wastewater treatment systems as alternatives for small residential and commercial developments [26] . The CSO CWs have been permitted by state permitting authorities as satellite facilities with separate outfalls from municipal wastewater treatment plants. The NPDES permit requirements for the existing CSO CWs in the US are summarized in Table 3 . An Integrated Municipal NPDES Permit, which would bundle all requirements for a municipality (e.g., stormwater, CSOs, sanitary wastewater, and industrial effluent) into a single permit, has been under USEPA's consideration [4] . There were no numeric limits for the earlier Arch/Bar and Akron wetland treatment systems, but flow measurements or observations [8] . The recently-built Washington and Harbor Brook wetland treatment systems are subject to numeric limits of E. coli and fecal coliforms plus monitoring of flow and several water quality parameters. The parameters required for monitoring and reporting appear to be the same for the central wastewater treatment plants and wetland treatment systems. The Washington wetland treatment system was constructed after IDEM's CSO Treatment Policy was developed [27] , which recommends additional requirements. The IDEM [27] requires effluent grab sampling of CSO treatment facilities. It states that effluent limits shall be imposed for E. coli and monitoring may be required for flow, BOD, TSS, ammonia, TP, pH, dissolved oxygen, and total residual chlorine if applicable. Metals monitoring may also be required on a case-by-case basis. The Harbor Brook CSO CW treatment system is not assigned numeric limits except for fecal coliforms for the first two years of pilot monitoring period [9] . However, the interim permit limitations require monitoring of both influent and effluent. The New York State Department of Environmental Conservation (NYSDEC) reserves the right to modify the permit to include additional limits for the monitoring parameters.
The Akron municipal wastewater treatment plant uses waste stabilization lagoons and discharge through its main outfall (001) to Tippecanoe River via Chippenwanuck Creek [8] . An agreed order in 2003 [24] set effluent limits of CBOD5 (monthly average 10 mg/L; weekly average 15 mg/L), ammonia-N (monthly average 1.1 mg/L in summer and 1.6 mg/L in winter; weekly average 1.6 mg/L in summer and 2.4 mg/L in winter), TSS (monthly average 12 mg/L; weekly average 18 mg/L), and TP (daily average 1.0 mg/L) for the Akron CSO CWs, which were more stringent than those for the Akron treatment plant's main outfall (001) and outfall (005) of another CSO treatment facility discharging to the Town Lake. However, these effluent limits in the agreed order are not covered by Akron's NPDES permit [8] .
CWs are designed for a project life of 30-40 years [7] . CSO CWs should be designed to meet their discharge limits. There is no solid evidence from the existing CSO CWs to support consistent compliance with the limits for E. coli and fecal coliforms. The IDEM's CSO treatment policy [27] requires disinfection of effluent to meet the daily maximum E. coli concentration of 235 cfu/100 mL, and dechlorination if necessary. Wildlife populations such as muskrats and waterfowl can substantially increase fecal coliform levels, especially in wetlands with standing water [7, 28] , making it difficult to consistently meet the permit limits without a disinfection measure. Chain fence and ribbon lines have been used in Harbor Brook to minimize disturbance from muskrats and birds. A second challenge to CSO CWs is to consistently meet the daily maximum and weekly average limits. CWs are natural treatment systems, which provide additional ecosystem services and are subjected to the diurnal and daily variations of environmental conditions such as temperature, dissolved oxygen, vegetation, and wild animal populations. Temporal variation in environmental conditions may result in greater variation in effluent quality compared with conventional treatment facilities. The fluctuation in wetland effluent quality associated with CSO event-feeding could be greatly decreased by the equalization function of pre-treatment facilities such as the storage tank and forebay pond that equalize CSO flow to the Washington CWs.
Design Capacity
The first step to design a CSO wetland treatment system is to determine the hydraulic capacity or event volume and peak flow rate of CSO flow to be accommodated by the proposed wetland treatment system. This step commences with an analysis of the frequency, duration, and intensity of storm events in the sewershed and the capacities of the existing sewer system and wastewater treatment facilities. Due to the complexity of combined sewer systems, it is normally necessary to use computer models, such as USEPA Stormwater Management Model and a number of proprietary computer models, to simulate combined sewer flows [2, 29] .
Containment of the CSO from at least a 5-yr or a 10-yr storm event is a typical baseline wetland volume [15] . The IDEM has issued permits to a number of CWs including CSO CWs [26] . The IDEM's CSO treatment policy [27] states that CSO treatment facilities should treat CSOs generated during storms no smaller than the 10-yr 1-h storm. The Washington CSO wetland treatment system demonstrates a second approach to CSO management: first flush is treated at a central wastewater treatment plant while the remaining CSO flows up to 10-yr 1-h storm events are treated in CWs [19] . A third approach is to divert first flush only for wetland treatment as with the Arch/Bar system [17] . Although the design storm frequency and duration is unknown, the Arch/Bar wetland actually discharged only twice from September 2007 to May 2014. The fine particles of peat and sand packed in its vertical flow wetland suggest that either it received only small volumes of first flush due to the low hydraulic conductivity of the peat and sand bed or it was designed to retain CSO in most of the events. The pilot wetland treatment system at Harbor Brook in New York adopted a low design capacity at 1-yr 2-h storms.
Lastly, it is noteworthy that the CSO CWs may actually receive more CSO than their design event volume. The CSO event volume overflow from the vortex separation unit to the Harbor Brook CWs and peak overflow rate were estimated with a Stormwater Management Model for an average year [21] Figure 7) . When a short return period or short storm duration is selected for design, there will be a higher chance that the wetland effluent does not meet the design targets. If a larger design volume were possible, however, treatment performance could be better while construction costs would be increased because most of the CSO events have smaller CSO volumes. A design value can be determined based on CSO size distribution in different hydrological years, permit conditions, and financially feasible long-term treatment goals.
Evaluation of Hydraulic and Contaminant Loading
Because of the highly varying flow rate of CSOs, hydraulic loading rate and retention time could not be reasonably estimated for CSO CWs. Consideration of hydraulic loading depth and event loading rates is therefore important to conceptualize CSO CW hydraulics in this review (Equations (1) and (2)). The Washington CWs have been designed with a CSO event hydraulic loading depth of 726 mm/event, being much higher than 26-78 mm/event at Arch/Bar and Akron CSO CWs. USEPA [16] recommends a typical hydraulic loading rate of 15-50 mm/d to FWS CWs for secondary treatment of municipal wastewater. If the Washington wetlands were loaded continuously at this typical hydraulic loading rate, the design CSO volume would have to be loaded and retained in the CWs for 14.5-48.4 d between CSO events. Among the existing CSO wetland treatment systems, Harbor Brook has the greatest hydraulic loading at design event volume. When the three CWs are operated in series, the system will have a hydraulic loading depth of 841 mm/event and event hydraulic loading rate of approximately 331 mm/d, which is 6.6 times the normal hydraulic loading rate recommended by USEPA [16] for treatment of municipal wastewater in FWS wetlands. However, because Cell 1 will retain flow, water will be drawn from Cell 1 and dosed to Cell 2 at a rate of 150 mm/dose for a total of nine times during the 1-yr 2-h storm event [21] .
where Devent = CSO event hydraulic loading depth (mm/event); Vevent = design CSO event volume (m The CSO event hydraulic loading rate as the Harbor Brook wetlands are operated in parallel will be 9600 mm/d for the floating island wetland and 3675 mm/d for the FWS wetland, which are much higher than the typical values of normal hydraulic loading rate for FWS CWs [7, 16] . Guo et al. [30] found that the removal efficiencies of TP and ammonia in three pilot-scale subsurface flow wetlands in series for treatment of stormwater plus sewage decreased significantly when hydraulic loading rate was increased from 100 to 200 mm/d. At the relatively lower BOD5 concentrations of Harbor Brook CSO 018 (Table 1) it is estimated that the BOD5 loading rate will be 9.9-13.6 g/m [15] . When the wetlands are in parallel operation, the vertical flow wetland will have an event hydraulic loading depth of approximately 824 mm/event and an event hydraulic loading rate of 3594 mm/d, which is within an order of magnitude of the hydraulic conductivity of clean fine sand [15] .
The high event hydraulic loading to the Harbor Brook CWs, especially in parallel operation, was due to the consideration that the floating island wetland will serve to some extent as a storage basin and the FWS wetland will provide polishing after treatment in the preceding wetlands, and that additional area for wetland construction was not available, based on site factors discussed later in Section 4. Lastly, typical hydraulic loading depth, event hydraulic loading rate, and contaminant event loading rates remain to be determined as more monitoring data are reported for CSO CWs.
Pretreatment
CSO has relatively high concentrations of TSS and floatables especially with first flush (Table 1) . CWs are not typically designed for sediment removal or dredging, which may destroy plants and ecological integrity. Pretreatment is recommended to remove settleable solids and floatable materials [16] . Removing floatables prevents clogging of flow control structures and wetland medium beds and ensures the aesthetic value of green wetlands. Moreover, pretreatment facilities may equalize the variable CSO flows, smoothing both hydrographs and pollutographs.
All the CSO wetland treatment systems in the US have a pretreatment stage ( Table 2 ). The Harbor Brook grit and floatable removal facility is estimated to remove 95% of all grit, sand, and sediment with specific gravity of 2.65, greater than or equal to 300 µm at the design peak flow of 4485 m . This pretreatment facility is estimated to divert as high as 91.0% of CSO volume to the wetlands while overflow to the wetlands is reduced to 78.5% of CSO events, indicating significant flow equalization. The IDEM's CSO treatment policy [27] states that CSO treatment facilities should retain flows generated during storms no smaller than the 1-yr 1-h storm for transportation to the wastewater treatment plant. Meanwhile, it requires at least 30 min of detention for TSS control with the 10-yr 1-h peak hourly flow and skimming of the detained flows to remove solids and floatables.
Wetland Type
Each type of CW can be designed to employ different combinations of layout, media, plants, flow sequence, and operating strategies so that the design targets are met with regard to the wastewater characteristics and local constraints. Several wetland types including FWS, horizontal subsurface flow, and vertical flow CWs have been used for stochastic and intermittent wastewater flows like CSO. In general, however, there are more FWS CWs than subsurface flow CWs in the US [16] . Due to the fact that their hydrologic characteristics are amenable to stormwater flows, FWS CWs are the preferred design concept for CSO treatment [15] . In contrast, European CSO wetland design is based broadly on the vertical flow type [12] . Van de Moortel et al. [31] compared surface and subsurface flow wetlands for CSO treatment and found that subsurface flow wetlands generally had lower effluent concentrations. The existing CSO wetland treatment systems in the US appear to have a small vertical flow wetland following a large FWS wetland ( Table 2) .
Likely because of the highly variable flow rate and pollutant loading over individual CSO events and across different sizes of events, four out of the five CSO wetland treatment systems in the US were designed with 2-3 stages of wetland treatment ( Table 2 ). CWs are complex ecosystems with multiple components utilizing diverse natural and engineered processes. Each stage is perceived to make use of specific treatment processes and provide different ecosystem services and treatment functions. For example, it was envisioned that the key treatment element of the Arch/Bar CSO wetland is the deep vertical flow wetland, which enhances removal of nitrogen via nitrification and denitrification plus phosphate adsorption [17] . The water depth in the Harbor Brook floating island wetland is designed to vary between 0.3 and 1.5 m. The expectation for this wetland to have a large storage capacity resulted in the selection of the floating island type [21] . With floating islands, plants will not become flooded for long periods of time while providing additional wildlife habitats and aesthetic value compared with open water zone of fringe wetlands. The deep water zones in the Harbor Brook FWS wetland are to help redistribute flow to reduce the potential for short-circuiting and provide reaeration and a refuge for waterfowl. Mosquito predators can also be maintained in the deep water zones.
Wetland Layout
Wetland layout determines the hydraulics for effective treatment. Stormwater wetlands tend to have irregular basins and channels adapted to local topography. CWs need greater hydraulic control for treatment of CSO than stormwater because of the higher pollutant loadings of CSOs. Although both complete-mix and plug-flow reactors are ideal design targets for different situations, plug-flow is preferred to produce a better effluent quality. Plug-flow can be approximated with long, narrow channels or 4-5 complete-mix reactors in series. To achieve laminar flow in plug-flow reactors, an aspect ratio (length to width) of 3-6 is typically recommended for conventional wastewater treatment reactors and CWs [2, 7, 16] .
The Minoa wetland cells have an aspect ratio of 2 [16] , being outside the optimum range. When the six wetland cells were operated as horizontal subsurface flow wetlands in 1996, tracer studies found <75% effective volume, significant short-circuiting, and dead zones [16] . Since then, it was changed to a fill-draw mode of operation. The Arch/Bar CSO FWS wetland has an aspect ratio of approximately 5.9 with clusters in the flow path center, which may help redistribute water across the width (Figure 3) . The Washington CSO FWS wetland has a very large aspect ratio, approximately 31 ( Figure 4) . FWS wetland cells with an aspect ratio higher than 10 can produce significant operational problems at high hydraulic loading rates and/or with dense stands of emergent vegetation [16] . Head loss is exacerbated in totally vegetated FWS wetlands with a high aspect ratio [7] . The Harbor Brook floating island and FWS wetlands have aspect ratios of approximately 1.1 and 2.0, respectively (Figure 1) . The small aspect ratio of the floating island wetland justifies its storage function and downgrades its treatment function.
Configuration of Wetland Cells
Wetland configuration plays an important role in determining hydraulics and functional treatment mechanisms. The properties of wetland elements (e.g., rooting substrate, packing material, biofilms, and plants) and their lateral and vertical configurations need to be explored so that proper mechanisms are instilled for removal of the target pollutants. Because of the larger peaking factor of CSOs, the existing CSO CWs in the US appear to have high hydraulic loading rates and short hydraulic retention time. Therefore, plant uptake of nutrients might be limited relative to physical removal mechanisms as reported by Borne et al. [32] for metal removal from stormwater in floating wetlands. Meanwhile, emergent plants in FWS wetlands and plant roots under floating islands may enhance sedimentation and filtration and provide microorganisms with solid surfaces to carry biofilms. In addition, presence of green plants provides additional ecosystem services such as wildlife habitats, aesthetics, and social acceptance of wastewater treatment by local residents.
Because of the fluctuating water depth in CSO CWs, plant species need to be carefully selected. The use of Typha or Scirpus would permit a temporary inundation of up to 1 m during peak storm events [15] . Typha species are drought-resistant and allow wetland bottom in an elevation without frequent groundwater upwelling. The use of Phragmites australis should be avoided in CSO CWs since it is commonly considered to be an invasive plant species in North America. One alternative solution to fluctuating water depth is to use floating island wetlands as adopted in the design of Harbor Brook wetland treatment system. Under different configurations certain wetland elements and treatment mechanisms are favored over the others. For example, the presence of plants in floating islands might increase filtration and sedimentation, whereas the same plants may bring in negative effects due to blocked sunlight, reduced surface reaeration, and increased waterfowl activity. In the designs of Arch/Bar and Harbor Brook CSO CWs, a number of native wetland species were evaluated for their tolerance to fluctuating hydroperiods [17, 21] . The plant species selected also had flowering characteristics to enhance the aesthetic value of the facilities. Deeper micropools that could be recharged by groundwater have been included in the Arch/Bar, Washington, and Harbor Brook FWS wetlands to maintain wildlife habitats and mosque predators in dry weather conditions. The plants in vertical flow wetlands were chosen to tolerate long dry periods [21] .
Water depth in CWs is usually regulated by the height of effluent weirs. Both the Arch/Bar and Harbor Brook CSO wetlands are installed with transducers to adjust the weir height [17, 21] . A deep saturated zone provides more time for pollutant removal, but may tend to be anaerobic and slow down microbial activity. Deep water zones have been shown to improve FWS mixing characteristics to more closely approximate plug flow conditions [33] . In vertical flow wetlands for CSO treatment, ammonia is adsorbed to the packing media during the loading period and oxidized during the dry period [34] . Model simulations by Henrichs et al. [35] showed that at least 144 h of dry conditions are needed to fully regenerate retention soil filters for ammonia removal from CSOs. The Arch/Bar CSO wetland was designed to always have a saturated layer in the vertical flow wetland [17] . In contrast, there is no saturated layer in the Harbor Brook vertical flow wetland. There is a need to investigate the optimum combination of a permanently saturated layer and an overlying trickling layer for CSO treatment. France and Italy require a saturated layer of minimum 0.2 m [12] . Presence of a saturated zone has the potential to improve effluent quality because water contained in a saturated zone could be treated for a long time prior to the next CSO event and dilute CSO loaded in the next event. Amaral et al. [36] found 82%-89% of TSS removal and 1.9-2.4 log of E. coli reduction after 1 d of retention and increased removal efficiencies over the following 6 d despite slower removal in a pilot-scale horizontal subsurface flow CSO wetlands.
Performance Assessment
Unique methods have to be explored for performance assessment of CSO CWs regarding the two primary goals: flow mitigation and water quality improvement. Because of the stochastic and intermittent nature of CSOs, CSO CWs are rarely at a steady state and do not typically reach stable operation. To accurately assess the performance of CSO CWs both continuous flow metering and intensive sampling are needed. IDEM's CSO Treatment Facility Guidance [27] states that effluent composite sampling, either by automatic sampler or by grab samples, shall be initiated within 30 min from the beginning of a discharge event. The daily average shall be reported as the maximum daily concentration. The average of the daily averages shall be reported as the monthly concentration. Unlike the requirements in Indiana for monitoring of effluent only and reporting daily maximum and monthly average, the New York State permitting department requires reporting flow measurements and water quality monitoring results for both influent and effluent of the Harbor Brook CWs on an event basis [9] . Such compliance monitoring will provide a solid data base to quantify CSO CWs in flow retention, peak flow attenuation, and pollutant removal efficacy. Event-based reporting of monitoring results avoids over-weighing the first flush in a separate day and under-weighing active treatment over long recession.
The performance in water quality improvement can be better reflected by mass-based removal efficiency and removal rate on an event basis, rather than just by the daily difference between influent and effluent concentrations because the inflow and outflow rates are not constant. CSO CWs will act in a mixed operation mode when the actual CSO discharge is over its design capacity, i.e., batch reactor before fed to its maximum volume, then flow-through reactor at its maximum volume with continuous feeding and discharge, and finally batch reactor with discharge only. During smaller CSO events when the actual CSO volume is below the design event volume, the CSO discharge could be completely retained in the CWs, and wetland discharge would be dependent on the estimated volume set aside for the next CSO event. Therefore, the treatment performance of CSO CWs may be correlated with CSO event volume, event hydraulic loading depth, or event hydraulic loading rate. The statistical relationships of event mass removal rate and effluent concentration with CSO event volume, hydraulic loading, and pollutant mass loading shall be tested with monitoring results to support new designs.
Development of Design Supportive Simulation Tools
Computational simulation of CWs helps understand wetland internal processes. The improvement of existing approaches and the development of new models are moving on faster than ever before. Beyond describing treatment processes, the use of models supports the improvement of various CW designs and operational configurations. Whereas most CW models focus on detailed process descriptions and interactions, few other approaches aim to estimate treatment performance in a long-term view [37] .
Modelling of CSO CWs is challenging in a specific way: Whereas the input data concerning domestic or industrial wastewater loads for CWs are relatively easy to describe, the CSO description itself requires computational simulation. For each CSO discharge point sewer models need to be used to describe the times, flow speeds and frequencies of hydraulic loads, as well as the pollutant loads in a long term. Sewer models were not developed for this purpose. From the viewpoint of a CSO CW the accuracy of sewer model estimates is quite low, and slight over-or under-estimations of impervious surfaces in a catchment area can cause huge differences in CSO quantities.
So far, CSO CWs in Europe have been dimensioned based only on hydraulic loads estimated from sewer simulations [12] . More than two decades of experience in Germany has showed that many filters are oversized, and the vegetation can suffer from water stress. Based on this, Meyer and Dittmer [29] developed the model RSF_Sim as the first (and so far only) example of dynamic estimation tools for CWs. It works as a part of sewer system models in order to display the performance of retention soil filters (RSFs), which means the specific German type of vertical flow CSO CWs. The model development was based on the evaluation of several monitoring data sets. Currently the option to handle measured input data is used to optimize the relatively simple approach. The RSF_Sim is under validation for the RSF like the national approach in France in order to become the mandatory tool for future CSO CW layout. Compared with the state-of-the-art design based solely on the hydraulic loads, the biggest advantage of the model RSF_Sim is reduced wetland surface areas and costs, plus determination of pollutant loadings.
This kind of estimation tool can be generally developed for all types of CWs, such as floating islands or FWS wetlands. The biggest hindrance is the lack of available datasets, and the comparability of similar, but not identical monitoring locations. The more diverse the systems are, the less possible it will be to unify the collected data. Performance estimation should not be based on a single system, even with available data of hundreds of feeding events.
Adaptive Design of Harbor Brook CSO Wetland Treatment System
For CSO long-term control plans incorporating green infrastructure approaches, an adaptive management approach can be employed during the implementation process [1] . Adaptive management means monitoring and evaluating green infrastructure projects and practices as work proceeds, and adapting or revising plans and designs as appropriate based on lessons learned. Harbor Brook CSO 018 Constructed Wetland Treatment Facility is the first and the only full-scale CSO wetland treatment system that adopted an adaptive design and management approach in the US, featuring three types of constructed wetlands and three flow sequences to be tested over two years of pilot study. The long term goal is to use the data generated from the full-scale pilot system to design a permanent wetland treatment system for CSO 018 with potential expansion to include CSO 078 and apply wetland treatment technology to other CSOs [21] . The intent of evaluating floating wetland island, vertical flow and FWS wetland technologies was to identify their respective performance characteristics, thereby establishing a flexible choice where one, two or three of the technologies might be sequenced to provide optimal treatment at other CSO locations, where sufficient land was available.
Similar to most CSO treatment systems, the Harbor Brook CSO CW system is located within a fully-developed sewershed in an urban center. Consequently, multiple challenges were encountered during siting and permitting [21] . Federally regulated wetlands and a state and federally regulated stream (Harbor Brook) were located within the project area. The system was sited within a stormwater management basin used to manage flooding up to the 25-yr storm event. The CSO outfall had to be relocated to Harbor Brook to allow the majority of the flow from this CSO to enter the pilot wetlands for treatment before discharging to Harbor Brook. Construction of the wetland pilot treatment system required the relocation of a ditch with wetland vegetation. As a result, a total of eight permits were required from state, federal and local agencies. Because of the relatively novel treatment proposed, the permitting process required over one year and multiple information submittals to complete. Through impact minimization during siting, a relatively nominal mitigation of 809 m 2 by replacement in-kind was required to compensate for displacement of jurisdictional wetlands.
Given the site location in the stormwater management basin in the floodplain of Harbor Brook, the wetland system is anticipated to flood infrequently. Under this circumstance, an inline check valve will isolate the CWs from Harbor Brook water filling the wetland discharge pipe. As water levels rise above the wetland controlled berm spillways in excess of the 10-yr storm interval, stormwater flows will enter and flood the wetland cells at different elevations intended to allow free flow and minimize erosion potential. Also because of its location within the stormwater detention basin, 9184 m . By monitoring the effectiveness of the Harbor Brook CSO CWs, the design considerations and operating and monitoring plans can be optimized to meet CSO control goals. The operating experience and monitoring results will provide basis and insights to develop design considerations that could be transferable to other CSO discharge points.
Conclusions
CSO treatment wetlands have already been constructed and operated in Europe, but are relatively new in North America. CWs can not only remove pollutants, but also mitigate the event-associated flow regime. From a sustainability perspective we have shown that they are relatively less expensive to build than comparable grey infrastructure. CSO CWs could be a new and productive addition to the green infrastructure arsenal for application to North America, Europe and developing countries.
There are challenges to design CWs for CSO treatment, including permit provisions without consideration of the characteristics of green infrastructure, determination of design capacity for the highly variable CSO flows, need for pretreatment, and intensive monitoring required for adaptive design and performance assessment. In particular, there needs to have more and better monitoring data for effectiveness in meeting water quality parameters as well as provision for ecosystems services other than water quality improvement.
Simultaneous monitoring of flow rate and water quality for both inflow and outflow of CSO CWs has rarely been conducted and published, but required for performance assessment and needed to support design. Secondary ecosystem services, such as wildlife habitats, are frequently cited to support CSO CWs, though they have not been quantified yet.
